Trapping the nude mouse gene
Hairless nude mice are immunodeficient because they lack a thymus.
The nude gene has now been identified; it encodes a winged-helix transcription factor that is expressed specifically in skin and thymus.
The X chromosome carries several recently identified genes, improper function of which results in prominent immunodeficiencies. These diseases are X-linked agammaglobulinemia (XLA), severe combined immunodeficiency (SCID), hyper-IgM syndrome and Wiskott-Aldrich syndrome, which are caused by mutations of the gene encoding the protein tyrosine kinase Btk, the IL-2 receptor y chain, the ligand for CD40 (gp39) and the WASP protein, respectively [1, 2] . But nude, the gene responsible for one of the longest known murine immunodeficiencies, had remained elusive until now.
Nude mice were discovered in 1966 [3] and are characterized by a defect in hair formation that results in their hairless phenotype. As they also lack a functional thymus [4] , these mice do not have T lymphocytes and are therefore impaired in immune function. Indeed, nude mice were instrumental in the demonstration that T lymphocytes are important in processes such as autologous graft rejection and cell-mediated immunity. Furthermore, nude mice are a valuable tool for the experimental oncologist, as human tumour cells can grow in nude mice but not in wild-type mice with a functional immune system.
The anatomy of the thymic defect in nude mice is well known [5] . In normal mice, the thymus develops from the third endodermal pouch and the third ectodermal cleft (Fig. 1) . On day 11 of development, the endoderm of this region starts to protrude and sends an, as yet unidentified, developmental signal to the overlying ectoderm. The ectoderm then undergoes intense proliferation and wraps itself around the endodermal protrusion. The developing thymus is thus composed of a central endodermal region and a peripheral ectodermal region, which give rise to the medulla and cortex of the mature thymus, respectively.
In nude mice, the endoderm extension is formed as normal, but the ectoderm seems to fail to respond to such an endodermal signal and does not wrap itself around the endoderm. In the absence of an ectodermal sheath, no further development of the endoderm takes place. The thymic dysgenesis in nude mice thus seems to be ectodermal in origin. A defective ectoderm also causes the hairless phenotype of these mice. Hair follicles are formed in normal numbers in the skin of nude mice but the hair is not properly keratinised and so is too fragile to exit the hair follicle [6] . The mouse nude locus has been mapped to chromosome 11 [7] and was localized to an interval of 1.3 centiMorgans flanked by polymorphic markers D11Mit7 and D1 1Mit34 [8] . The position of the nude locus was further defined by additional polymorphic markers and the critical interval covered by a set of three overlapping yeast artificial chromosomes (YACs) [9] . By using a modification [10] of the exon-trapping method [11, 12] based on the polymerase chain reaction (PCR), Boehm and colleagues [13] were able to identify and physically order about 50 exons from the genomic interval known to encompass the nude locus. Only one of these exons belongs to a gene that is specifically expressed in the thymus and the skin. This gene is particularly likely to be responsible for the nude defect, as it was found to be mutated in both the nude mouse and the nude rat.
The putative nude gene encodes a 648 amino-acid protein that has a region of strong homology to the DNA-binding domain of the winged-helix family of transcription factors (Fig. 2) . The gene was therefore called winged-helix nude (whn). The homology region of the encoded Whn protein is flanked by sequences rich in prolines and negative charges, reminiscent of the sequences of transcription factor activation domains. The mutations in the nude mouse and the nude rat result in the expression of truncated proteins that lack DNA-binding domains (Fig. 2) .
Other examples of genes encoding members of the rapidly growing winged-helix transcription factor family areforkhead (kh) in Drosophila [14] , lin-31 in Caenorhabditis elegans [15] and the hepatocyte nuclear factor gene HNF-33 in the mouse [16] . The encoded transcription factors play important roles in determining cell fate during development. For instance, mutations in lin-31 in-C. elegans result in a defect in vulval development. In the mouse, HNF-33 is expressed in the endoderm; disruption of HNF-33 leads to embryonic lethality on day 11 of development, as a result of failure to develop Hensen's node, a notochord and other structures of endoderm origin [17, 18] . In comparison to HNF-33 mutations, mutation of whn has only a relatively mild phenotype. This may be due to the later and more restricted expression of whn.
One would predict that many other winged-helix transcription factors will prove to be involved in the development of a multitude of structures in an embryo. Indeed, recently, seven moreforkhead-related members of this transcription factor gene family have been cloned using a PCR-based approach [19] . Only a few of the target genes of these transcription factors are known at present, and those that are known are mostly regulated by HNF-313. The identification of target genes is certainly one of the most pressing needs in order to achieve a better understanding of the pleiotropic effects of many of the winged-helix proteins.
For developmental biologists, it will also be interesting to work out the nature of the signal emitted by the developing endodermal cells of the thymus in normal mice. Is this signal transmitted by a soluble factor or, more likely, does it require cell-cell contact? And how does the signal reach Whn? More has to be learned about the intracellular signalling cascade that controls the activation of each winged-helix transcription factor. The Lin-31 protein, for example, seems to act downstream of a tyrosine kinase receptor and Ras, and it will be important to see whether this is true for all members of the winged-helix transcription factor family Although the gene responsible for the nude defect has now been found, much remains to be learned about the functions of its wild-type product.
